Introduction
Many topics in mathematics and physics are relevant to teaching analytical chemistry, but a few key topics are essential to prepare students for the master level [1] [2] [3] [4] . Knowledge of mathematics and physics is important to understand the operation of advanced apparatus and for the interpretation of data. The overall aim of introducing ten European Credit Transfer and Accumulation System (ECTS) credit points for mathematics and ten ECTS credit points for physics in addition to 15 ECTS credit points for analytical chemistry is to maintain education in analytical chemistry at a high level to benefit science and the progress of analytical chemistry. The European Association for Chemical and Molecular Science Division of Analytical Chemistry (EuCheMS-DAC) has suggested a curriculum for the bachelor degree [4] .
As the language of science is mathematics, similarly physics promotes the understanding of basic mechanisms and chemical interactions. Analytical chemistry requires a multidisciplinary approach to understanding the art of quantifying chemical species in various mixtures and matrices [2] . Thus, students of chemistry aiming at competence in analytical chemistry are faced with numerous subjects such as physics, computing, interfacing, and electronics at a relatively high level in order to devise new methods of analysis using advanced apparatus.
Organizing the mathematics curriculum
The initial interest in teaching mathematics and physics arose for "self-defence" reasons after it became clear that students could not cope with statistics of repeated measurements and propagation of uncertainties. Items such as the Gauss law of propagation of uncertainties and its application to analytical measurements caused them problems owing to lack of knowledge of partial derivatives. Many students were also often deficient in the physics of classical mechanics and optics, some of which also requires familiarity with aspects of geometry.
Discussions with colleagues confirmed similar difficulties in teaching thermodynamics and reaction kinetics. The basic mathematics and physics items that chemistry staff regarded as essential for chemistry students in the first 2 years of an undergraduate course were prepared. Lists from various areas of chemistry had 95% of the items in common. The problem of lack of adequate background in mathematics was not unique to chemistry students in Belfast, for example, the Royal Society of Chemistry published the guidelines Mathematics in chemistry degree courses [5] 2 years after our first course. The content was remarkably similar to our (Burns and Hu) list; thus, a national consensus existed of what was required as prior knowledge or that needed to be imparted via remedial/revision teaching.
Given the topics, the problem to be solved was how to produce a logical sequence for the items so as to avoid relying too much on trust and also too much backtracking to items already dealt with. We report here the content sequences that were found to be effective and indications of when and how to connect the mathematical items to specific aspects of chemistry (details of which are given in Electronic supplementary material The online version of this article (doi:10.1007/s00216-012-5854-5) contains supplementary material, which is available to authorized users. the electronic supplementary material). The content of each section of the proposed mathematics course was prepared in detail and the flow of concepts through the various possible sequences of sections was examined. The sequence reported here was chosen by consensus as optimum.
The first-year module, "Chemical computation" (see Fig. 1 ), started with the section on stoichiometry, for which simple algebra was sufficient background. This was included to deal with demonstrable weakness and/or lack of students' confidence in basic chemical arithmetic. This was followed by the basic mathematics section, then by repeated measurements and estimation of uncertainties. Students were given exercises/problems in stoichiometry, mathematical manipulations, and the evaluation of analytical data prior to seminar/discussion classes on each set of topics. The computing lectures/demonstrations and practice sessions were run in parallel to the mathematical material and included calculations using spreadsheets.
Organizing the physics curriculum
In the recommendations of EuCheMS-DAC about essential physics for students of chemistry, it is recognized that this subject is of considerable difficulty but the necessity of physics to the understanding of fundamental mechanisms of chemistry is also recognized [6] . To maintain progression in intellectual challenges, it is important to make use of the relations between physics and chemistry when treating advanced topics. Understanding of physics relies on a simultaneous education in mathematics, and both subjects should be offered in basic modules to shape the students' intellectual development. The ten ECTS credit points allocated to physics impose limitations on the number of topics in basic modules [6, 7] . From among the wealth of available subjects, EuCheMS-DAC recommends a number of priority topics from classical mechanics, liquid-flow dynamics, optics, electromagnetism, thermodynamics, and quantum mechanics, as indicated in Tables S1-S5. These topics support the understanding and operation of modern technical apparatus and interpretation of the data.
Contemporary methods of teaching are encouraged. Lectures, seminars, and practical classes should be balanced and offered in appropriate quantities. Individual challenges, team projects, peer-review problems, e-learning, problem-based learning, and oral presentations will all assist the student in communicating results to wider audiences.
Concepts of physics essential to teaching analytical chemistry
Classical mechanics is needed for understanding statics, motions, and interactions (Fig. 2) . The treatment of nature by mathematical tools provides an effective description of reality, but one which requires much training to understand it. Universities are encouraged to support the use of practical classes, demonstrations, and laboratory work that promote the students' insight into the subjects. Teaching of mechanics offers an excellent opportunity to demonstrate the correspondence between simple theoretical modelling and experiment. Since chemists often have to model complicated systems of molecular interactions, it helps to understand their basics in physics, e.g., spheres rolling on a slope or the properties of a spinning top. Such activities are encouraged despite the increase in the number of laboratory hours and the corresponding increased use of resources. Some of the concepts, such as angular momentum and moment of inertia, apply directly to understanding of molecular motion.
Despite the obvious links to chemistry, only a limited number of topics within liquid-flow dynamics (Fig. 2) are To allow insight into the world of electronics, a number of topics, including electromagnetism (Fig. 2) , have to be dealt with. The reason for including electronics is to give students' skills to mend faulty electronic apparatus at a basic level, such as checking fuses, diodes, capacitors, and transistors. Further, for safety, the measurement of voltages and currents, both very high and very low, must be taught. Finally, interfacing and automation constitute topics of increasing importance to analytical chemistry where programming skills and software skills are also needed. In parallel to quantum mechanics, electromagnetism is needed to understand the behaviour of electromagnetic radiation and radioactive decay. Although magnetism is not important to chemical reactions, it is of paramount importance to NMR spectroscopy [8] , an important analytical tool. Accordingly, the topics spin, magnetism, and superconductivity should be available as optional courses in chemistry courses.
In the thermodynamics and statistical thermodynamics sections (Fig. 2) , several topics can be shared advantageously between the teaching of chemistry and of physics. The concepts of energy, heat, and work are treated similarly, with the properties of gases as the common point of origin. However, these concepts may also be used to show the relations between units, which are of great importance to promote the comprehension of new definitions of the fundamental units.
In the teaching of chemistry and physics, demonstrations, experiments, and practical sessions facilitate understanding of many inherently difficult issues and provide a unique opportunity to make classes interesting and vivid. Although it is very demanding on resources, EuCheMS-DAC supports the application of contemporary means of learning that facilitate the process of learning. Individual work in a competitive environment benefits a scientific trial but "seasoning" by work in groups using pedagogical tools promotes good profiles for future career prospects.
Conclusions
The mathematics section of the course has run with only minor modifications for 18 years. The lectures are supported by seminars, tutorials, and sets of problems. The items needed for the second-year physical chemistry course, namely, group theory, vectors, and matrix algebra, were and are introduced as needed within the main chemistry syllabus. The mathematics material (lecture text and copy of slides) has also been used successfully for self-study by individual mature students on ancillary chemistry courses. The various sections of chemical computation are now not given in a single block, the section on stoichiometry is now included in laboratory calculations, and the statistics section is incorporated into the second-year module "Instrumental analysis". The recommended text remains that of Scott [9] or Cockett and Doggett [10] .
Teaching physics is a rewarding field of science where demonstrations may be used to demonstrate complicated principles by relatively simple means. The proposed workload of physics may be considered as an absolute minimum, as recommended by EuCheMS-DAC. Universities may offer compulsory courses with ten ECTS credits and elective courses with ten ECTS credits, with a lower number of credits being given to exercises [11] . However, application of physics to the Eurobachelor® curriculum requires teaching by chemists at a more advanced level, including teaching the principles of physics demonstrated by means of advanced apparatus. Although this is more demanding on resources, it also brings back the fun to physics. A total of ten ECTS credits is suggested for the training of physics at the basic level, with the aim however to ensure the highest level of competence in analytical chemistry. Students interested in developing their physics skills should be offered a platform of elective courses covered by ten ECTS credits. Students require a large amount of knowledge if they intend to participate in the science of analytical chemistry, which after all is one of the prime objectives of courses given in a university environment. Whereas the recommendations for mathematics are based on a course that has run for many years, the recommendations for physics are based on recent experience and observations with regard to students' participation in the development of analytical methods.
Details of the approaches of other academics to the problems discussed are welcomed, and these will inform the basis of future discussions within EuCheMS-DAC and other interested parties about further development of the teaching of analytical chemistry at undergraduate level.
